It has been demonstrated in previous work that the RPC-PET technology is able to deliver radioisotope image resolutions approaching the physical limits of the PET principle. Here we study, by simulation, the effect of the magnetic field on the positron range to evaluate whether the spatial resolution of the RPC-PET could be improved by using an intense magnetic field. Six positron emitters of interest to small animal PET imaging ( 
Introduction
Positron emission tomography (PET) is one of the in vivo imaging modalities largely developed in the last decades. Its strength resides in the ability to accurately measure the amount of tracer accumulation in organs, merging the best combination of sensitivity and spatial resolution.
One of the PET applications is the imaging of small animals, particularly useful for testing hypothesis during the study of diseases, development of new imaging and therapeutic drugs and validations of gene therapies. In this modality, small animals, like transgenic mice and rats, are used as experimental models owing to their ge-netic similitude with humans, short reproductive cycle and simple breeding. Due to the small dimensions of these animals dedicated high spatial resolution instruments are often required.
RPC-PET
Based in some preliminary simulation results [1] , which suggest that a system built with RPCs may deliver sub-millimeter spatial resolution free of parallax error, capabilities very attractive for the imaging of small animals, a first prototype of a small animal PET has been designed and tested.
The prototype [2] is composed of two opposite counting heads at a distance of 60 mm, each one composed of 16 stacked single gap RPC counters made from copper (cathode) and glass (anode) electrodes. Two coordinates of the interaction point of the photon are measured in this prototype: the tangential coordinate and the depth of interaction (DOI), allowing to obtain a 2D planar projection image.
By imaging point-like 22 Na positron sources, positioned in the transaxial plane at different positions along the tangential direction, a homogeneous image spatial resolution of 0.3 mm FWHM and 0.8 mm FWTM was obtained after reconstruction by an ML-EM type algorithm [3] , demonstrating the parallax-free imaging capability of the system [4] . The different components that contribute to the spatial resolution were individually modeled and combined by convolution [5] . The resulting distribution was then adjusted to the observed sinogram profile, yielding estimates for some of the resolution components. The detector intrinsic spatial resolution was estimated to be 0.22 mm FWHM and a value of 3.75 mm −1 was measured for the parameter k 2 (which represents the positron range distribution tails that dominate the imaging resolution), validating experimentally positron range simulations done by other authors [6] . The counter-intuitive way in which the positron range distribution is convoluted, due to its non-Gaussian shape, which invalidates the usual quadratic rule for the addition of errors, was also studied. A completely optimized system was simulated to evaluate the expected sensitivity and system count rate performance, suggesting a central point absolute sensitivity up to 21 cps/kBq and a NECR figure up to 320 kcps at an activity of around 2.3 MBq/cm 3 for a mouse size phantom (38 cm 3 ) [5] .
Effects of a magnetic field
The magnetic field exerts a Lorentz force on a charged particle in motion given by
were V is the velocity vector, B the magnetic field vector and q the particle charge. Due to the nature of the cross-product, a positron moving at an angle to the axis of the magnetic field will describe a helical path. Thus, a magnetic field collinear with the axis of the scanner will improve its transaxial resolution, since the positron range is reduced in that plane (fig1), while keeping the axial resolution unaltered. Figure 1 .
Influence of the magnetic field on positron range, for the radioisotope 86 Y (E max =3.15 MeV) in water, illustrated by the GEANT4 simulation toolkit. a) 0 Tesla and b) 10 Tesla field orthogonal to the paper plan. The average distance between the emission and annihilation point is reduced in presence of the magnetic field.
The use of a magnetic field to increase the spatial resolution of a PET scanner has been studied by several authors [7, 8, 9, 10] . However, all those studies were made for systems with spatial resolutions above 2 -3 mm, so the impact of using a magnetic field in a system with sub-millimeter resolution is not clear.
The present work aims at investigating, by simulation, the possibility of improving the RPC-PET spatial resolution by the use of a strong magnetic field. This possibility is especially interesting because the RPC technology is compatible with magnetic fields (its performance is not altered by the field), which would allow operation within a Magnetic Resonance Imager (MRI) [11] .
Methods
The spatial resolution was calculated using the distribution described in [5] , in which the different components of the spatial resolution were individually modeled and combined by convolution. The annihilation photon non-collinearity, detector effects and scattered background were fixed to the values used in [5] , while the positron distributions for a point-like positron source were simulated for different magnetic field intensities.
The positron range simulation was performed using the simulation toolkit Geant-4.05.02 with the low energy extension [12] . The Monte Carlo algorithm generates positrons in water at a fixed point with energy distributions corresponding to interesting positron sources in small animal PET imaging [13, 14, 15, 16] [5, 17] and convoluted with the remaining contributions to obtain the overall spatial resolution. Figure 2 shows the positron range distributions for 86 Y, for different magnetic fields, clearly showing a marked narrowing with increasing field strength. Figure 3 shows the spatial resolution expected for RPC-PET for the six different radioisotopes under magnetic fields from 0 to 10 Tesla. In order to decrease the FWHM and FWTM values for the lower energy radioisotopes, 18 F or 11 C, by factors of ∼1.2 and ∼1.6, respectively, a magnetic field of 10T is required. However the application of the same fields results in a significant decrease in the FWHM and FWTM values for the higher energy radioisotopes. Indeed, for 86 Y and 62 Cu, improvement by factors of ∼1.8 and ∼2.7, respectively, are observed for 5 T, whereas for 10 T these factors become ∼3.1 and ∼4.9. An experimental test was made using two permanent magnets mounted on an iron core, which created a field of ∼ 0.3 T over the point-like 22 Na source. As our system is able to see directly the positron range distribution tails [5] , controlled by the k 2 parameter, any modification on this distribution, produced by the magnetic field, should be clearly seen. Indeed, as expected for this field intensity, no modification of k 2 was observed.
Results

Conclusion
We have calculated the improvement in the spatial resolution of the RPC-PET prototype by the use of strong magnetic fields for six radioisotopes with interest in small animal PET imaging. The spatial resolution was calculated from an experimental distribution in which the positron range contribution was calculated by simulation, using the Geant4 toolkit.
An improvement in the spatial resolution by a factor ∼3.1 was obtained for high positron energy radioisotopes, 86 Y or 62 Cu, and by a factor ∼1.2 for lower energy radioisotopes, 18 F or 11 C, at a magnetic field of 10 T.
The use of intense magnetic fields seems to be a viable approach to increase the spatial resolution of the RPC-PET, especially for high positron energy radioisotopes. In addition, since the RPC-PET technology is compatible with Magnetic Resonance Imaging, a structural merging in view of the co-register of both types of information may be feasible.
